Abstract. Canine brain tumors are best diagnosed using magnetic resonance imaging (MRI). However, opportunities of MRI examination are restricted due to its limited availability in veterinary facilities; thus, numerous canine brain tumors are diagnosed at an advanced stage. Therefore, development of a noninvasive diagnostic biomarker is required for the early detection of brain tumors. In the present study, plasma free amino acid (PFAA) profiles between dogs with and without brain tumors were compared. A total of 12 dogs with brain tumors, diagnosed based on clinical signs, and on the results of intracranial MRI and/or pathological examination were evaluated. In addition, eight dogs diagnosed with idiopathic epilepsy and 16 healthy dogs were also included. A liquid chromatography system with automated pre-column derivatization functionality was used to measure the levels of 20 amino acids. As a result, the levels of three amino acids (alanine, proline and isoleucine) were increased significantly (1.6-, 1.5-and 1.6-fold, respectively) in the plasma of dogs with brain tumors as compared with the levels in control dogs (all P<0.05). Thus, the PFAA levels of dogs with brain tumors differed from those of healthy dogs. The present study demonstrated that analysis of PFAA levels of dogs with brain tumors may serve as a useful biomarker for the early detection of canine brain tumors.
Introduction
Brain tumors in animals are more commonly observed in dogs rather than in cats, and are frequently detected in middle-aged to geriatric dogs (1) . The incidence of canine brain tumors has been reported to be 4.5% globally (2) . The most common type of canine brain tumors is meningioma, followed by glioma (including astrocytoma and oligodendroglioma) (2-4). As canine brain tumors are not detectable by routine blood analysis or X-ray examination of the skull, they are best diagnosed using magnetic resonance imaging (MRI) (5) . However, opportunities of MRI examination for canines are limited due to the high cost of this technique and its limited availability in veterinary facilities. The majority of brain tumors are not suspected until after clinical signs appear, and it is difficult to acquire MRI scans immediately in dogs with suspected brain tumors. Furthermore, numerous canine brain tumors are diagnosed at an advanced stage. Thus, development of a noninvasive diagnostic biomarker with high sensitivity and specificity is required for the early detection of canine brain tumors.
In human medicine, recent studies have reported that the levels of plasma free amino acid (PFAA) profiles are altered in certain diseases, such as in cancer (including pancreatic, breast and lung cancers) and cardiovascular diseases, and that these changes can predict future development of disease (6, 7) . Therefore, it has been considered that PFAA profiles may be used as efficient disease biomarkers. In veterinary medicine, it has also been reported that PFAA levels are altered in dogs with malignant mammary tumors, oral melanoma and lymphoma (8) (9) (10) . In addition, it has been reported that the levels of glutamic acid in the CSF are increased in dogs with idiopathic epilepsy (11) .
Various metabolites, such as amino acids and choline, have been analyzed in human glioma patients by means of proton magnetic resonance spectroscopy (MRS) or from tissue specimens obtained during surgery or autopsy (12, 13) . However, there have been few reports on PFAA analysis in intracranial disorders (14) . To the best of our knowledge, the association between PFAA levels, canine brain tumors and canine idiopathic epilepsy has not been investigated thus far. Therefore, the present study investigated the PFAA level profiles in dogs with brain tumors and compared the data with healthy control dogs and dogs with idiopathic epilepsy. Blood collection. The dogs were fasted for 8 h before blood collection. Venous blood was collected in tubes containing heparin and was immediately centrifuged at 1,700 x g for 15 min at 4˚C. Following the centrifugation, plasma was promptly removed and frozen at -80˚C until required for PFAA measurements. The plasma was deproteinized in methanol [plasma:methanol (v/v), 1:9] for 20 min, the samples were then centrifuged at 15,000 x g for 10 min at 4˚C, and the supernatant fluid was obtained.
Materials and methods

Animals
PFAA measurements. Analysis of PFAA levels in the plasma of the dogs was performed using a pre-column technique with liquid chromatography according to previously reported methods (15) . All reagents, including standard amino acid solutions (type H), were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). A liquid chromatography system with automated pre-column derivatization functionality was used in the analysis (Nexera X2; Shimadzu Corporation, Kyoto, Japan). A total of 20 compounds were measured in the analysis, including the following basic amino acids and associated molecules: Alanine (Ala), arginine (Arg), asparagine (Asn), aspartic acid (Asp), cysteine-cysteine (Cys-Cys), glutamic acid (Glu), glutamine (Gln), glycine (Gly), histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline (Pro), serine (Ser), threonine (Thr), tryptophan (Trp), tyrosine (Tyr) and valine (Val). Plasma levels of the amino acids are expressed in µmol/l.
Statistical analysis. Data are expressed as the mean ± standard deviation. All figures were prepared by Excel 2013 (Microsoft Japan Co., Ltd., Tokyo, Japan). Differences between groups were evaluated using the Steel-Dwass test (4-Step Excel Statistics version 3; OMS publishing Inc., Tokyo, Japan). P<0.05 was considered to indicate a statistically significant difference. The data are presented in radar charts. The radar charts show the percentage of the mean PFAA levels in dogs with brain tumors and idiopathic epilepsy, as compared to the control groups (taken as 100%).
Immunohistochemical analysis. Immunohistochemical analysis for L-type amino acid transporter 1 (LAT1) was performed in two cases (case 1: Shiba inu, male, aged 14 years, 11 kg; case 2: Shiba inu, female, aged 10 years, 10 kg) of surgically resected meningioma. For immunochemical analysis, rabbit anti-canine LAT1 polyclonal antibody was used, donated by Dr Ochiai. This antibody was prepared with the synthetic peptide antigen designed according to the C-terminus amino acid sequence of canine LAT1 (16) . Immunohistochemistry was performed as described previously (17, 18) . Briefly, following deparaffinization, the sections were heated 5 times for 3 min in a microwave oven in 0.01 M citric acid (pH 6.0) and rinsed with Dulbecco's phosphate-buffered saline (Wako Pure Chemical Industries, Ltd.). Rabbit anti-canine LAT1 polyclonal antibody was incubated with the sections after inactivation of endogenous peroxidase with methanol containing 0.3% H 2 O 2 at room temperature for 20 min. Immunostaining was performed using a commercial kit (Histofine Simple Stain MAX PO; Nichirei, Tokyo, Japan). Then, 3,3'-diaminobenzidine (DAB) H 2 O 2 solution was applied to induce a color development reaction. Following the reaction with DAB, the specimens were washed in deionized water three to four times, followed by staining of the nuclei with hematoxylin for observation.
Results
Association of PFAA levels with brain tumors in dogs.
The results of the PFAA analysis are presented in Fig. 1 , where the radar chart presents the percentage of the mean PFAA levels and the PFAA levels of the control group were considered to be 100%. Three amino acids (Ala, Pro and Ile) were significantly increased in the plasma of brain tumor dogs when compared with the control dogs (Ala, P=0.03; Pro, P=0.009; Ile, P=0.009). The plasma levels of Ala, Pro and Ile in dogs with brain tumors were increased by 1.6-, 1.5-and 1.6-fold as compared with those in the controls, respectively (Fig. 1) . In addition, the brain tumor dogs presented higher Lys and lower Asp levels compared with healthy dogs, although no significant difference was observed. By contrast, the concentrations of the other amino acids (including Arg, Asn, Cys-Cys, Glu, Gln, Gly, His, Leu, Met, Phe, Ser, Thr, Trp, Tyr and Val) remained unchanged between brain tumor and control dogs.
The association of PFAA levels with the type of tumor (glioma or meningioma). As shown in Fig. 2 , significantly increased levels of Asn and Gln were observed in the plasma of dogs with glioma when compared with those in dogs with meningiomas (P<0.05). However, there were no statistically significant changes in other amino acids between dogs with meningioma and those with glioma.
PFAA levels association with idiopathic epilepsy in dogs.
As shown in Fig. 1 , no significant changes were observed in the levels of any amino acids in dogs with idiopathic epilepsy, as compared with dogs with brain tumors and healthy dogs. Although no significant difference was observed, the levels of Asp obtained from the idiopathic epilepsy dog plasma were lower than those of the healthy dogs.
Immunohistochemistry. Immunohistochemistry of LAT1 localization demonstrated no signal in the tumor cells in case 1. While in case 2, the tumor cells exhibited a weakly positive reaction.
Discussion
In the present study, the plasma levels of the amino acids Ala, Pro and Ile in dogs with brain tumor were increased by 1.6-, 1.5-and 1.6-fold, respectively, over the levels reported in healthy dogs (Fig. 1) . In addition, the brain tumor dogs presented higher Lys and lower Asp levels compared with healthy dogs, although no significant difference was observed due to variations in the measurements. These results suggest that the PFAA profile in the peripheral blood reflects brain tumor metabolism. It has been suggested that certain amino acids are associated with human brain tumor metabolism (19) . In cerebrospinal fluid (CSF) analysis of human patients with brain tumors, there were significantly higher levels of Pro, Met, taurine, Lys, Ser, Phe and Gln among patients with malignant glioma compared with those in the controls (19) . In another study, amino acid levels in surgically removed glioma and peritumoral tissues were measured, and significantly increased levels of Ile and Val were identified within the peritumoral tissue compared with those in normal brain tissue (13) . In MRS studies of human meningioma, increased alanine levels were observed in 91.3% of cases (20) . Although the mechanism underlying these amino acid changes are not clear, they may be due to downregulation of amino acid transporter expression, such as L-type amino acid transporter 1 (LAT1), in tumor cells. In the present study, immunohistochemical analysis for LAT1 was performed in two samples of meningioma, and the results indicated no signal in the samples, which were very weakly stained Figure 1 . Alterations in PFAA levels in dogs with brain tumors and epilepsy. The radar chart presents the mean PFAA levels, and the PFAA levels of the control group were considered to be 100%. P-values were calculated using the Steel-Dwass test. * P<0.05. PFAA, plasma free amino acid; Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys-cys, cysteine-cysteine; Glu, glutamic acid; Gln, glutamine; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine. Figure 2 . Alterations in PFAA levels in dogs with glioma and meningioma. The radar chart is presents the mean PFAA levels, and the PFAA levels of the control group were considered to be 100%. P-values were calculated using the Steel-Dwass test. * P<0.05. PFAA, plasma free amino acid; Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys-cys, cysteine-cysteine; Glu, glutamic acid; Gln, glutamine; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.
for LAT1 antibody. This suggests that LAT1 may be downregulated in canine brain tumors. Previously, Ochiai et al (16) prepared a synthetic peptide antigen, which was designed according to the C-terminus amino acid sequence of canine LAT1 to investigate LAT1 protein expression in various types of tissue (16) . This antibody was used in the present study. Therefore, this antibody is considered to be specific for canine LAT1.
When comparing human patients and dogs with brain tumors, certain amino acids, including Ala, Pro and Ile, were increased in the two species according to the present and previous studies (13, 19, 20) . By contrast, specific amino acids, such as Met, taurine, Lys, Ser, Phe and Gln were increased only in human patients (13, 19) . This difference between levels in humans and dogs may be due to the source of the sample. In human patients, CSF samples were used (19) , whereas plasma obtained from venous blood samples in dogs was used in the present study. It is possible that changes in amino acid levels associated with brain diseases, including brain tumors, would be observed in the CSF as well as in the plasma. To understand the correlation between canine brain tumors and amino acid levels, the associations between plasma and CSF levels of amino acids should be investigated. In addition, the present study demonstrated that Asp levels were decreased in dogs with idiopathic epilepsy, as well as in those with brain tumors, suggesting that the decreased levels of this amino acid may be associated with epileptic seizures, although no evidence is available in the literature.
In veterinary medicine, it has been reported that Thr, Pro and Ser plasma levels were decreased in dogs with melanoma, the Phe and Glu serum levels were increased in dogs with lymphoma, and the Met, Ser, Asn, Gln, Ala, taurine and citrulline plasma levels were decreased in dogs with non-metastatic mammary gland tumors, as compared with these levels in control dogs (8) (9) (10) . These changes in PFAA levels differed from those observed in the present study, suggesting that the changes noted in the present study were specific to canine brain tumors.
Glu levels in the CSF increased in dogs with idiopathic epilepsy (11) . In the present study, PFAA levels were also examined in dogs with idiopathic epilepsy, as well as in healthy dogs and dogs with brain tumors. However, no significant change was observed for any of the amino acids in dogs with idiopathic epilepsy, as compared with the healthy dogs. These findings may be explained based on the functions of the blood-brain barrier (BBB). Amino acid levels may have been altered in the CSF, but not in the peripheral blood of dogs with idiopathic epilepsy, due to the presence of an intact BBB. Generalized convulsive seizures temporarily increase the BBB permeability; however, the loss of BBB integrity recovers within 24 h (21) . In the present study, brain MRI examination was performed in all cases. All dogs with brain tumors showed enhancement in the tumor tissues when using a contrast agent (gadoteridol), suggesting impairment of the BBB. Therefore, the PFAA levels may be altered in dogs with brain tumors (13) . Screening of PFAA levels in patients with epileptic seizures may, thus, facilitate the early differential diagnosis of idiopathic epilepsy and symptomatic epilepsy, particularly in the context of brain tumors as a cause of seizures.
An MRS study in humans has suggested that the levels of several metabolites, such as lactic acid and choline, are elevated in malignant gliomas (12) . Another MRS study demonstrated no difference in glycine levels between glioblastoma and meningioma patients, although these levels were altered according to the grade of the glioma (22) . By contrast, a study of CSF has demonstrated no difference in the amino acid levels in the CSF with the grade of brain tumor (14) . In the present study, there were significant differences in the plasma Asn and Gln levels between dogs with meningioma and those with glioma. In addition, in the case of glioma, the levels of Ala, Cys-Cys, Pro, Ile and Lys were higher in brain tumor dogs compared with those in healthy dogs, although there were no statistically significant differences. This result suggests that amino acid levels may be associated with tumor type and grade. Furthermore, it is possible that amino acid levels may change prior to and following treatment, however further investigations are required.
In conclusion, the present study demonstrated that the PFAA levels of dogs with brain tumors were different from those of healthy dogs, with respect to certain amino acids. PFAA levels can be determined by a simple test using blood samples, without the need for special treatments, such as general anesthesia. In addition, multiple types of cancer besides brain tumors can be simultaneously tested for in a single sample, which provides a useful screening test for the early detection of cancer. Future investigations should be conducted in a larger sample size to examine changes and prognoses, depending on tumor types, in order to identify potential diagnostic biomarkers.
